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ABSTRACT

The necessity of performing regionalized LCA in agriculture derives mainly from the wide variety of existing farming systems and the
influence of site-specific characteristics (e.g. climate, soil type, water availability) on the environmental impacts. Challenges on linking
regionalized inventories and LCIA methods which use different spatial scales may be overcome by integrating GIS in the calculations. A
new approach for GIS-based LCIA has been implemented in the open source software openLCA with the support of the USDA, where the
calculation of regionalized characterization factors is parameterized using site-dependent and substance-dependent properties. The re-
gional parameters are stored as attributes of each geolocalized element in shape files. The approach has been implemented in a case study
on corn production in five US states. LCIA results from the Ecological Scarcity 2013 and enhanced Ecoindicator99 (E199+) methods var-
ied significantly between locations and, even more, depending on the spatial support used for the regional parameters.
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1. Introduction

Environmental life cycle assessment (LCA) of agricultural systems commonly focuses on the impact catego-
ries land use, eutrophication, toxicity, acidification, climate change or depletion of abiotic resources (Bentrup et
al. 2004; Payraudeau and Van der Werf 2005; Harris and Narayanaswamy 2009). The necessity of performing a
regionalized life cycle impact assessment (LCIA) derives from the fact that the characterization factors in the
majority of these impact categories are dependent on site-specific characteristics (e.g. population, soil types, cli-
mate factors, etc.). Appropriate spatial scales have to be selected for defining each of these different variables in
order to minimize their spatial uncertainty (Manneh et al. 2010). However, this usually leads to a heterogeneity
of spatial units within impact categories, which makes the calculation of the characterization factors at the reso-
lution required by the inventory data more difficult (Gotway and Young 2002; Perveen and James 2009). Geo-
graphic differentiation of processes in an agricultural life cycle may also vary from global to farm level, usually
prevailing site-specific modelling in data sets of the foreground system. Consequently, the ability to deal with
multiscale systems without compromising the correctness of the results is fundamental in a regionalized impact
assessment (Halog and Bortsie-Aryee 2013).

Geographic information systems (GIS) have been used by several authors to integrate spatial differentiation
in LCA, not only for the calculation of regionalized characterization factors but also for creating site-specific in-
ventories and matching each of these (Bengtsson et al. 1998; Geyer et al. 2010, Nufiez et al. 2010; Mutel et al.
2012; Liu et al. 2014). Moreover, Gerber et al. (2013) stated in a report of the food and agriculture organization
of the United Nations (FAQ) the convenience of using GIS for incorporating spatial heterogeneity into the mod-
elling process and Halog and Bortsie-Aryee (2013) also recommended GIS as a powerful tool for supporting re-
gionalized LCA.

Considering the importance of performing regionalized LCAs in activities such as agriculture and the feasi-
bility of linking spatially differentiated inventories and impact methods using GIS, the integration of the func-
tionality to conduct fully regionalized LCIA should be a priority for LCA tool developers. This paper aims to
present a new implementation approach for G1S-based regionalized LCA developed in the open source software
openLCA. The application of this new feature in a case study on corn production in five different states of the
United States is also examined.

2. Methods

2.1. Extension of geographic information in process data sets
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In contrast to the tendency in impact assessment methodologies where more detailed regions (e.g. watersheds,
ecozones, etc.) are used for the definition of the characterization factors, most commonly used LCA databases
(e.g. ecoinvent 3, GaBi 2013, ELCD3) continue using country or group of countries locations only. However,
spatial differentiation of agricultural systems usually requires higher spatial resolution geographies due to the
considerable diversity of farming systems (Pradeleix et al. 2012). Therefore, the feature for specifying the geo-
graphic information of the process in openLCA needed to be enhanced to allow the LCA practitioner to differen-
tiate between site-specific locations and to integrate GIS information in the data sets.

Data exchange formats most commonly used in LCA tools (i.e. EcoSpoldl, ILCD, EcoSpold2) are all based
on extended markup language (XML). The geographical information included in them has evolved from the lim-
ited location code of EcoSpold 1, to the addition of a latitude and longitude pair in ILCD and finally to the inte-
gration of keyhole markup language (KML) geographic descriptions in EcoSpold2 (Mutel 2009). As the geospa-
tial information stored in KML files can be used by GIS, a KML editor for the processes was added in openLCA
(Fig. 1). In this editor, the process location can be defined using three geometrical primitives (i.e. point, line and
polygon). The resulting geographical information, characterized by the object’s geometry and a set of coordi-
nates, is known as the spatial support of the dataset (Plumejeaud et al. 2010). This spatial support can be easily
imported and exported using a slightly modified ecospold 2 format, where KML data is also linked to the pro-
cess id.

~ Geography &
a

Location | US-IA |
KML Polygon [-95.85,40.70 ... -95.77,40.59] (location) §

o Map editor o | Text editor

Description | The unit process is assumed to represent production in lowa (US State].

Figure 1. Extended geographic information in a process data set (left) and KML editor (right) (openLCA 1.4)
2.2. Parameterization of regionalized LCIA methods

The availability of impact assessment methods providing characterization factors not only on a site-generic
scale but also on a country and sub-country level or even for very high spatial resolution geographies has in-
creased considerably in recent years (e.g. EDIP 2003, Ecolndicator 99+, ImpactWorld+, etc.). The increase in
the amount of data resulting from this spatial differentiation of the factors has been overcome by using GIS files
as databases of the site-specific characterization factors. However, concerns about integrating all this GIS data in
the LCA software without compromising the computing power of the tool fostered the development of a new
concept for dealing with regionalized LCIA in openLCA. In this new approach, the mathematical functions used
in the LCIA models are parameterized in order to differentiate between site-generic (i.e. dependent on substance
properties) and site-specific (e.g. population density) variables. The resulted functions per substance and impact
category are defined in the openLCA LCIA method editor (Fig. 2), whereas the data for the regional characteris-
tics are stored in shape files (i.e. GIS vector data) as attributes of each geolocalized element. The data from the
different attributes extracted during the import of the shape files can be bound to the parameters used in the
characterization factors functions and a default value to be used with site-generic inventory data can also be de-
fined (Fig. 3). Moreover, uncertainty of each characterization factor and parameter can be included. As the shape
files are stored in the LCA database, they can be easily exported with the database.
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* Impact factors ()]

Impact category | Land use_biome

Flow Category Flow property  Unit Factor Uncertainty
Occupation, arable resource/land Area*time m2*a ((0.60%ratic_biom)/SA_CF*weighting®c/normalization none
Occupation, construction site  resource/land Area*time ma*a ((0.44%ratic_biom)/SA_CF*weighting®c/nermalization none

Occupation, forest resource/land Area*time m2*a ((0.04%ratic_biom)/SA_CF*weighting®c/normalization none

Figure 2. Impact factors tab in the new LCIA method editor (openLCA 1.4)

Parameters

» Global parameters

¥ Input parameters

MName Value Uncertainty Description
(@ ratio_biom 1.0 uniferm: min=0.21 max=1.97 from shapefile: ecoregiens_with_biome_ratic
SA_CF 0.44 none Settlerent Area BOP biome 3
normalizatien 2437E9 none m2a SA-eq.
critical_flow 35350 none krn2
current_flow 3027.0 none km2
c 1.0E12 none a-1

* Dependent parameters

Mame Formula Value Description

weighting (current_flow/critical_flow) "2 0.7332397584070389

Figure 3. Parameters tab in the new LCIA method editor (openLCA 1.4)
2.3. Regionalized LCIA calculation framework

The matrix-based calculation in openLCA needed to be extended to include the geographic variable in the in-
ventory, impact assessment and results matrices. Moreover, in order to handle geospatial data, the open source
Java code library GeoTools (2013) was integrated in the software.

The first step in the regionalized LCIA calculation in openLCA is to obtain the inventory matrix G which
contains all the emissions and resources consumed per process and, consequently, per location as defined in each
data set. Then, the regionalized LCIA matrix C containing the characterization factors per elementary flow and
location in the inventory and per impact category in the method is calculated. To this end, the area of each spatial
unit where the regional parameters are characterized intersected by each geographic feature of the inventory is
determined. Then, a weighted average value for each parameter is obtained applying equations 1-3, depending
on whether a point, line or polygon is used for defining the process location (Fig 4). Once the parameters values
are calculated, the formulas in the method are evaluated resulting in the matrix C. Finally, the multiplication of
matrices C and G provides the matrix R of regionalized impact assessment results.
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Figure 4. Schematic representation of the calculation of the intersected spatial units from the LCIA method
(F;) by the process geometries point (left), line (center) and polygon (right).

P =P Eq.1
> (Peile)
=0 Eq. 2
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i=1
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i=1 - — p Eq 3
A

i=1

Where Lg; and Ag represent the length of the line and the area of the polygon contained in each feature Fi of
the shape file (i.e. spatial unit where the regional parameters are characterized), respectively.

2.4. Case study inventory and preliminary impact assessment data

Life cycle models of corn production using cradle-to-farm gate as system boundary were created for the US
states of Illinois, lowa, Nebraska, North Dakota and Minnesota. The LCA Digital Commons (2013) database de-
veloped by the United States Department of Agriculture (USDA) and National Agricultural Library (NAL) was
used for the activities occurring within the farm. The rest of the life cycle was completed with unit processes
from ecoinvent v.2.2 and GaBi 2012 database extension XVII - full US. The KML information of the five states
was obtained from the US Census Bureau (2014). The functional unit of the different product systems is the pro-
duction of 1kg of “corn grain, at harvest in 2005; at farm; 85%-91% moisture”.

The method Ecological Scarcity 2013 (Frischknecht and Busser Knopfel 2013) was used for calculating the
environmental impacts of the product systems, focusing mainly on the categories land use and freshwater con-
sumption as they include regionalized characterization factors at different spatial resolution scales. The regional
eco-factors are obtained applying to the characterization factor (K) a weighting factor calculated on the basis of
the current (F) and critical annual flows (F,) from a specific region and normalized to the annual flow in Swit-
zerland (F,“") (Eq. 4). In the case of freshwater consumption impact category, the weighting factor can be calcu-
lated by the ratio of water withdrawal to renewable water supply (i.e. the water scarcity), considering that the
critical flow is 20% of the water supply (Eg. 5). The method developers provide a list of the resulting water scar-
cities on global and country levels, as well as a Google™ earth layer with values per watershed (Treeze Ltd
2014). This GIS data was adjusted to the shape file format required by openLCA (i.e. including the water scar-
city values as attributes of the different features) using the free, open source software QuantumGlIS. In addition,
a shape file containing the country specific eco-factors and water scarcity ratios was created.

: 2
) . Region_1
Eco — factor fe9°"-! = K L-UBP [F — -C Eq. 4
FnCH FkReglon_l
: 2
Eco — factor Re9°n-! — K . 1.UBP ) water _Withdrawal Reglon_1 ) Eq.5
Fo o\ water _supply frdersie - 20%

Where ¢ is a constant (i.e. 10*/a) and UBP is eco-point, the metric used for expressing the environmental im-
pact assessed.
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Regarding land use impact, the Biodiversity Damage Potentials (BDPs) of biome 5 (i.e. temperate coniferous
forests) from de Baan et al. (2012) are weighted with the ratio of species densities from Kier et al. (2005) to bi-
ome 5 in order to obtain biome-specific BDPs. “Settlement area” (SA) land use is selected as the reference “sub-
stance” for the determination of the characterization factors (K) that derive of the resulting BDPs (Eq. 6). The
regional eco-factors are then calculated applying equation 7. This equation is defined per relevant elementary
flow in the openLCA LCIA method editor as shown in figures 2-3. For a hon-regionalized LCIA, the eco-factors
of biome 5 are used (i.e. default ratio of species densities equal to 1). A shape file containing the features of the
14 biomes considered in the method with their correspondent ratio to the biome 5 as attribute was created for
openLCA.

K biome_i _ BDPPiome-i _ BDP"™™ .ratio”°™-' _to_ biome5 0.6
BDP _settlement _area biome5  BDP _settlement _area biome5 '
1.UBP (F )
Eco — factor R0t = KReoont. 2 ——= .| — | ¢ Eq.7
F, F,

Moreover, the impact due to water consumption was also measured using the enhanced Ecolndicator99
(E199+) method (ETZ Zirich 2014), which provides characterization factors at the watershed and country levels
for the midpoint indicator WSI (i.e. water stress index), as explained by Pfister et al. (2009).

3. Results
3.1. GIS-based regionalized LCIA implementation in openLCA

The implementation of the new features and calculation framework for regionalized LCIA in openLCA was
performed successfully (Fig. 1-3) and without affecting significantly the calculation time required when a single
line, point or polygon was used in the geographical specification of the process. However, the ability of dealing
with multi-polygons (e.g. countries containing continental and overseas territories) must be refined. Moreover,
additional enhancements such as the integration of regionalized LCIA in the project level (i.e. comparison of dif-
ferent product systems) will also be made. The already implemented features were included as experimental in
the first release of openLCA 1.4 in June 2014.

3.2. Preliminary case study results

The characterization factors calculated by openLCA varied largely between the states assessed and, even
more, within the same location depending on the spatial units used for the regional parameters. Table 1 presents
the results for the three impact categories previously described in section 2.4. The WSI from EI99+ was for three
states one order of magnitude lower than the US mean value, while Nebraska had a slightly higher value than the
country average. The eco-factors for arable land use calculated using biome scale varied also 25.9% between
North Dakota, the state with the lowest value, and Minnesota, the one with the highest eco-factor. As the states
assessed in this study were located within biomes 4 (i.e. Temperate broadleaf and mixed forests) and 8 (i.e.
Temperate grasslands, savannas and shrub lands), it is expected that characterization factors for other states with
most sensitive ecoregions (e.g. California) will present even higher differences respect to the generic value (i.e.
biome 5).

Table 1. Characterization factors for the EI99+ midpoint category WSI and the Ecological Scarcity 2013 catego-
ries land use (i.e. arable land) and freshwater consumption calculated with openLCA 1.4 (beta 6) for five states
of the USA, using different spatial resolutions (i.e. country, watershed, biome)

WSI (m3/m3) — EI199+ Eco-factor for land use, arable Eco-factor for freshwater consumption
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(UBP/m2a SA-eq.) (UBP/m®)
Location Country Watershed Generic Biome Global Country Watershed
Illinois 4.99E-1 2.81E-2 420 360 610 232 109
lowa 4.99E-1 5.31E-2 420 325 610 232 7376
Minnesota 4.99E-1 2.89E-2 420 397 610 231 4717
Nebraska 4.99E-1 5.94E-1 420 294 610 232 62532
North Dakota 4.99E-1 1.11E-1 420 294 610 231 45828

The impact category freshwater consumption from the method ecological scarcity 2013 deserves a deeper
analysis as huge differences exist between the results obtained using the country-level and the watershed spatial
resolution. As reported by Frischknecht et al. (2009), the country water scarcity values are obtained from the
AQUASTAT database of FAO', whereas the data for a deeper regionalized assessment is retrieved from the
database of the University of New Hampshire?, whose indicators are used in the World Water Assessment
Program of UNESCO. Specifically, the indicator 14 (i.e. mean annual relative water stress index) with values per
grid cell was used to generate unweighted aggregated values per watershed (Fig. 5). The resulting averages per
water basin led to extreme water scarcities (i.e. >1) in the areas intersected by some states used in the case study.
Consequently, the eco-factors calculated by openLCA with data at the watershed level are much higher than
those obtained with the country data.
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Figure 5. Mean annual relative water stress index per watershed adapted from Treeze Ltd (2014) for its use with
the ecological scarcity method 2013

The results for impact categories for which no regionalized characterization factors were available varied also
between the product systems analyzed, as different inventory results were obtained due to the state-specific data
sets used for the farm activities. Figure 6 presents the LCIA results of the Ecological Scarcity 2013 method. It
can be observed that Nebraska is the state with highest environmental impacts for most of the impact categories,
except for land use where North Dakota and Minnesota had the higher impacts. This reinforces the idea that the
availability of regionalized inventories when performing site-dependent LCAs is as important as having region-
alized characterization factors. For instance, if the same inventory had been used for all states, Minnesota and
not North Dakota would have been the farming system with highest impacts due to land use.

L http://www. fao.org/nr/water/aquastat/main/index.stm

2 http:/Awwdrii.sr.unh.edu/download.html
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Figure 6. 1kg corn grain production LCIA results in UBP for the Ecological Scarcity 2013 method (regionalized
assessment of land use and water resources impact categories). Results calculated for farming systems in Illinois,
lowa, Minnesota, Nebraska and North Dakota.

4. Discussion

The variety in the results obtained from the calculation with different spatial scales showed the convenience
of using non-aggregated data for the characterization of the regional parameters in the LCIA methods. However,
for some factors, division at the cell level (e.g. per square meter) might lead to missing some important regional
conditions relevant to the effect of the emission or resource consumption. For instance, Frischknecht et al.,
(2009) described that water stress modeling at the cell division level does not consider hydrological conditions;
the result of this is that areas suffering from great water stress lack water stress values in the model because no
water extraction takes place there, (i.e. large parts of the Sahara). Thus, it is necessary to determine the most
suitable spatial resolution to use for each parameter so that all the relevant regional properties are considered and
their spatial uncertainty is minimized. The use of weighted aggregations might be useful for avoiding misleading
values such as in the case of the WSI of Figure 5. To this end, available data on background emissions or likely
geographical distribution of emissions (i.e. emission proxies) could be used to determine the areas where the
probability of occurring the impact is higher (ImpactWorld+ 2014). Likewise, geographical distributions of the
processes might be also applied when determining the location of each activity (Mutel et al. 2012). The uncer-
tainty derived from these spatial distributions might affect not only the inventory results but also the values of
the regionalized characterization factors calculated in the software. Therefore, the addition of the process spatial
uncertainty to the uncertainty distribution of the dataset exchanges and of the LCIA characterization factors
should be considered.

It should also be borne in mind that in the current approach the data from the regional parameters used for
calculating the weighted average is only that contained in the intersected area by the process geometry. Howev-
er, as the full impact from a source can cover areas extending several hundred to thousand kilometers (Potting
and Hauschild 2006), using site-specific locations in the inventory might reduce the accuracy of the results.
Therefore, it might be necessary to analyze the feasibility of enhancing the current implementation approach to
also include transport pathways of emissions when calculating the regionalized characterization factors.

Moreover, the seasonal variation of the regional parameters is currently dismissed as annual averages are
commonly used, for example, in the water scarcity ratios calculation. However, this might affect the impact re-
sults considerably as some crops are only grown during specific times of the year. Therefore, future advances in
the software implementation of regionalized LCIA should also integrate the temporal variable.

Finally, LCIA results obtained from spatially heterogenic systems, i.e. multi-scale systems, should be careful-
ly interpreted: processes using generic characterization factors, which tend to be higher than site-dependent fac-
tors (Table 1), might have higher contributions to the overall impact than expected. Therefore, the decision of
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performing a regionalized LCIA must be along with the goal of the study whilst bearing in mind the added com-
plexity to the analysis of the results derived from this type of assessment.

5. Conclusion

Considering the high variability of LCI and LCIA results between the different locations analyzed, regional-
ized assessments for finer spatial resolutions than countries should be conducted both in the inventory and im-
pact assessment phases for agricultural systems. To this end, LCIA method developers should provide the re-
gional parameters used for calculating the characterization factors using suitable spatial resolution. Higher
transparency in the calculations applied for the different impact categories will also help to implement their
methods in openLCA. Likewise, LCA database providers should consider the necessity of modeling the data sets
at higher spatial resolutions than national or supranational scales. The currently integrated approach in openLCA
allows to perform fully regionalized LCAs without increasing considerably the complexity of the calculations.
However, this first step in the implementation must be followed by further enhancements which will allow to
minimize the uncertainty and increase the validity of the impact assessment results.
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